Depletion and adoptive transfer studies have demonstrated that macrophages induce glomerular lesions in experimental anti-glomerular basement membrane (anti-GBM) glomerulonephritis. However, there is no current therapeutic strategy that can rapidly and selectively remove these cells from the glomerulus in order to halt disease development. This study examined whether inhibition of the receptor for macrophage colony-stimulating factor (known as c-fms), which is selectively expressed by monocyte/macrophages, can eliminate the macrophage infiltrate in a rat model of crescentic anti-GBM glomerulonephritis. Wistar-Kyoto rats were treated with 10 or 30 mg/kg bid of fms-I (a selective c-fms kinase inhibitor) from the time of anti-GBM serum injection until being killed 1, 5 or 14 days later. fms-I treatment had only a minor effect upon the glomerular macrophage infiltrate on day 1 and did not prevent the subsequent induction of proteinuria. However, fms-I treatment reduced the glomerular macrophage infiltrate by 60% at day 5 and completely reversed the macrophage infiltrate by day 14. In addition, fms-I treatment downregulated the glomerular expression of pro-inflammatory molecules (TNF-a, NOS2, MMP-12, CCL2 and IL-12) on days 1 and 5, suggesting a suppression of the macrophage M1-type response. Despite a significant early loss of glomerular podocytes, ongoing proteinuria and glomerular tuft adhesions to Bowman's capsule, the reversal of the macrophage infiltrate prevented the development of glomerulosclerosis, crescent formation, tubulointerstitial damage and renal dysfunction. In conclusion, this study has identified c-fms kinase inhibition as a selective approach to target infiltrating macrophages in acute glomerular injury, which may have therapeutic potential in rapidly progressive crescentic glomerulonephritis.
Macrophages are considered important effector cells in rapidly progressive glomerulonephritis based on their location in lesions, pro-inflammatory phenotype, tight correlation of the macrophage infiltrate with renal dysfunction and histological damage, and their prognostic significance for disease progression. 1 However, current non-selective immunosuppressive drugs do not effectively target this population of immune cells, and this is a major limitation of current treatment. 2 Animal studies have shown that macrophage deletion can prevent the development of crescentic glomerulonephritis, and replacement of this macrophage population can recapitulate acute glomerular injury. [3] [4] [5] [6] [7] However, few experimental strategies have been shown to rapidly reverse a pro-inflammatory macrophage infiltrate, and such strategies are not clinically applicable. To address this important issue, we have investigated selective inhibition of c-fms-the receptor for macrophage colony-stimulating factor (M-CSF). While M-CSF (also known as CSF-1) is expressed in many tissues, being upregulated in many types of tissue injury, c-fms expression is restricted to cells of the monocyte/macrophage lineage in the adult. 8 M-CSF has a critical role in monocyte production in the bone marrow, and has an important antiapoptotic role to maintain macrophage populations. 8 M-CSF production is markedly upregulated in the glomerulus and tubulointerstitium in human and experimental rapidly progressive glomerulonephritis. 9, 10 Indeed, there is substantial local proliferation of infiltrating monocyte/macrophages in human and experimental rapidly progressive glomerulonephritis in association with local upregulation of M-CSF expression. 9 Furthermore, elevated circulating levels of M-CSF accelerate crescentic lupus nephritis in MRL-fas lpr mice.
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These data identify the M-CSF/c-fms interaction as a potential therapeutic target. A recently described inhibitor of the tyrosine kinase activity of the c-fms receptor, called fms-I, has been shown to selectively inhibit interstitial macrophage accumulation in the obstructed kidney. 12 The aim of the current study was to determine whether blockade of c-fms could reverse the glomerular macrophage infiltrate in a model of crescentic glomerulonephritis and thereby halt disease progression.
MATERIALS AND METHODS Antibodies and Reagents
Primary antibodies (mouse anti-rat) were CD68 (ED1), ab T cell receptor (R73), PC-10 (anti-proliferating cell nuclear antigen, PCNA), MHC class II (OX-6) and CD11c (8A2) (Serotec, Oxford, UK); vimentin (Dako, Glostrup, Denmark); osteopontin (MPIII-B10, University of Iowa, IA, USA); a-SMA (Sigma-Aldrich, Castle Hill, NSW, Australia). Polyclonal antibodies included goat anti-collagen IV and rabbit anti-Wilm's tumor antigen 1 (WT-1) (Santa Cruz Biotechnology, Santa Cruz, CA, USA); biotinylated goat antimouse IgG and rabbit anti-goat IgG (Zymed-Invitrogen, Carlsbad, CA, USA), horseradish peroxidase-conjugated goat anti-mouse IgG, peroxidase-conjugated mouse anti-peroxidase complexes, and FITC-conjugated rabbit anti-rat IgG and anti-sheep IgG (Dako).
fms-I (4-cyano-1H-imidazole-2-carboxylic acid {2-cyclohex-1-enyl-4-[1-(2-methanesulfonyl-ethyl)-piperidin-4-yl]-phenyl}-amide) is a selective inhibitor of c-fms tyrosine kinase and was synthesized by Johnson and Johnson Pharmaceutical Research and Development.
12 fms-I shows activity against four receptor kinases in cell-based assays with the following IC 50 values (mM): c-fms, 0.0031; c-kit, 0.21; Flt-3, 0.098; Trk-A, 0.50. 12 Rat Model of Anti-GBM Glomerulonephritis Male Wistar-Kyoto rats (180-200 g) were obtained from the Animal Resource Centre, Perth, Australia. All animal experimentation was approved by the Monash Medical Centre Animal Ethics Committee. Groups of eight rats were immunized with 1 mg of sheep IgG in Freunds complete adjuvant followed 5 days later (day 0) by tail vein injection of sheep anti-rat glomerular basement membrane (GBM) serum. Animals were untreated or given fms-I (10 or 30 mg/kg bid) or vehicle alone (20% hydroxylpropyl-b-cyclodextrin in H 2 O) by oral gavage beginning 2 h before anti-GBM serum injection and continued twice daily until rats were killed on day 14. Overnight urine (22 h) was collected on days 1, 5 and 14. In a second study of anti-GBM disease, groups of four rats were treated with fms-I (30 mg/kg bid) or vehicle alone as described above, and then killed on day 1 or 5. In addition, a separate study was performed in normal Wistar rats (no anti-GBM disease) to assess any possible bioactivity of the vehicle. A group of four normal Wistar rats was gavaged twice daily for 5 days and then killed and compared with normal Wistar rats with no intervention.
Blood was collected at the time of death. Analysis of serum creatinine was performed by the Department of Biochemistry, Monash Medical Centre. White blood cell counts were performed when animals were killed using heparinized blood with a Cell Dyn 3500 Cell Counter (Abbott Laboratories, Abbott Park, IL, USA). Urine protein levels were quantified using a Coomassie (Bradford) Protein Assay Kit (Thermo Fisher Scientific, Rockland, IL, USA).
Histology
Glomerular pathology was scored on PAS section on day 14 of anti-GBM disease. Each full-sized glomerular cross-section (gcs) within the section (450) was examined under high power ( Â 400) and scored for the presence of one or more of hyalinosis, fibrinoid necrosis, atrophy and sclerosis based on the proportion of the glomerulus involved: 0, normal; 1 þ , 1-10%; 2 þ , 10-25%; 3 þ , 25-50%; 4 þ , 450% glomerular involvement. The percentage of glomeruli-containing crescents was determined. Glomerular tuft adhesions were defined adhesions as areas (o25% of the circumference of Bowman's capsule) in which there is continuity between the glomerular tuft and Bowman's capsule. Scoring was performed on blinded slides. Phosphotungstic acid-hematoxylin (PTAH) staining was used to visualize fibrin deposition.
Immunohistochemistry
Immunostaining for MHC class II, CD11c and R73 þ T cells was performed on cryostat sections. Staining for ED1, a-SMA and collagen IV, and double immunostaining for ED1 þ PCNA was performed as previously described. 9, 12 Periglomerular a-SMA þ myofibroblast accumulation in 50 consecutive glomeruli was assessed using 0, no a-SMA þ cells; 1 þ , occasional periglomerular a-SMA þ cells; 2 þ , many but discontinuous a-SMA þ cells; 3 þ , continuous layer of a-SMA þ cells surrounding the glomerulus; 4 þ , multiple layers of a-SMA þ cells surrounding the glomerulus.
The number of ED1 þ macrophages, ED1 þ PCNA þ proliferating macrophages, R73 þ T cells and WT-1 þ podocytes per gcs was counted under high power (450 gcs per section). Interstitial ED1 þ macrophages were quantified by image analysis using fields covering 490% of the cortex using Image-Pro software (Media Cybernetics, Maryland, USA). Interstitial R73 þ T cells were counted in 420 high power interstitial fields per section. Vimentin staining of tubular cross-section was assessed in 50 consecutive fields ( Â 250) using 0, no positive cells; 1 þ , few (1 or 2) positive tubular cells in the tubule; 2 þ , 42, but less than half of cells stained; 3 þ , more than half of cells stained in the tubule. The percentage of tubular cross-sections exhibiting osteopontin staining scored in the entire cortex. All scoring was performed on blinded slides.
Real-Time RT-PCR RNA extraction using the RiboPure RNA isolation kit (Ambion, Austin, TX, USA) was used for frozen whole kidney samples (day 14) , and for glomeruli prepared by differential sieving and then purified under a dissecting microscope (days 1 and 5). Reverse transcription and real-time PCR using Taqman probes together with an 18S internal control was performed as previously described. 13 The primer pairs and probes used were NOS2 ( 
Statistics
Data are shown as mean ± s.d. and results analyzed using parametric ANOVA with post hoc analysis with Bonferroni's post-test for multiple comparisons. Non-parametric data were analyzed by the Kruskal-Wallis ANOVA by ranks using Dunn's post-test for multiple comparisons. All analyses were performed using the software GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA).
RESULTS

fms-I Reverses Glomerular Macrophage Infiltration
Prominent glomerular and interstitial macrophage accumulation was evident on day 14 of vehicle and untreated anti-GBM disease (Figures 1 and 2 ). Based upon previous studies, 12 we examined fms-I treatment at a dose which does not affect blood monocyte levels (10 mg/kg), and at a maximum therapeutic dose that significantly reduces blood monocyte levels (30 mg/kg). Treatment with 10 mg/kg fms-I resulted in a 30% and 50% reduction in glomerular and interstitial Figure 1 Immunostaining for glomerular CD68 þ macrophages. Top panel shows vehicle-treated anti-GBM disease with a prominent glomerular macrophage infiltrate on day 1, which increases on day 5, with macrophages in the glomerular tuft, in a large cellular crescent (*), in the periglomerular area and the interstitium on day 14. Lower panel shows high-dose fms-I-treated (30 fms-I) anti-GBM disease in which a prominent macrophage infiltrate was seen on day 1 which was reduced by day 5 and almost entirely eliminated by day 14. Magnification, Â 400.
c-fms blockade in anti-GBM GN Y Han et al macrophages, respectively, on day 14 anti-GBM disease, while treatment with 30 mg/kg fms-I prevented glomerular and interstitial macrophage accumulation (Figures 1 and 2 ). Figure 3 shows that low-dose fms-I treatment had no effect upon blood leukocyte numbers, while high-dose fms-I markedly suppressed blood monocyte numbers and caused a partial reduction in lymphocyte numbers at day 14. We also confirmed that vehicle treatment in the absence of anti-GBM disease has no effect upon white blood cell counts, renal structure or mRNA levels of pro-inflammatory molecules ( Figure 4) .
Next, we examined earlier time points to determine whether high-dose fms-I treatment prevented macrophage infiltration, or reversed an early infiltrate, compared with vehicle-treated anti-GBM disease. The prominent glomerular macrophage infiltrate on day 1 of anti-GBM disease was only reduced by 20% with high-dose fms-I (Figures 1 and 2 ). However, glomerular macrophages were reduced by 60% on day 5 with high-dose fms-I, demonstrating reversal of a substantial early glomerular macrophage infiltrate.
Local proliferation is a prominent feature of anti-GBM disease which is thought to be M-CSF driven and to contribute to glomerular macrophage accumulation. 10, 14 Local proliferation of glomerular macrophage was evident at day 14 in vehicle-treated anti-GBM disease (7.37 ± 1.27 vs 0.09±0.11 ED1 þ PCNA þ cells per gcs in normal rats; Po0.001), and this was significantly reduced with low-dose fms-I treatment (3.45 ± 0.93 ED1 þ PCNA þ cells per gcs; Po0.001 vs vehicle treated). The percentage of glomerular macrophage infiltrate undergoing proliferation at day 14 in anti-GBM disease was also reduced by low-dose fms-I treatment (32.7 ± 5.7% in vehicle vs 21.2 ± 4.6% in fms-I; Po0.01). To examine the effect of high-dose fms-I treatment we examined day 5 anti-GBM disease when a significant infiltrate was still evident. We found that high-dose fms-I caused a marked reduction in both the number of proliferating macrophages (7.65±0.99 in vehicle vs 2.19±1.42 ED1 þ PCNA þ cells per gcs in high-dose fms-I; Po0.001) and the percentage of glomerular macrophages undergoing proliferation (47.3 ± 2.7% in vehicle vs 23.4 ± 6.7% in highdose fms-I; Po0.001) at day 5 of anti-GBM disease. We also examined apoptosis in day 5 anti-GBM disease by TUNEL staining. Only very occasional apoptotic cells were seen in glomeruli in both vehicle and high-dose fms-I-treated groups at this time indicating no significant induction of glomerular macrophage apoptosis (data not shown).
fms-I Ameliorates Renal Pathology and Renal Dysfunction
Vehicle and untreated anti-GBM disease developed severe glomerular damage, including hyalinosis, fibronoid necrosis, atrophy and sclerosis. Crescent formation was evident in 60% of glomeruli, with most crescents associated with Bowman's capsule rupture (Figures 5 and 6 ). Fibrin deposition in crescents and within Bowman's space was prominent in these rats ( Figure 7a ). Immunostaining showed deposition of collagen IV in crescents, the glomerular tuft, the periglomerular area and the interstitium which was associated with accumulation of a-SMA þ myofibroblasts ( Figure 7 ). Vehicle and untreated anti-GBM disease also developed marked tubulointerstitial damage with tubular casts, tubular atrophy and interstitial fibrosis ( Figures 5 and 7 ). This severe renal damage was associated with renal dysfunction (Figure 8a ). High-dose fms-I had a profound inhibitory effect on glomerular damage. Crescent formation, Bowman's capsule rupture and fibrin deposition in Bowman's space were prevented, although focal adhesions of the glomerular tuft to Bowman's capsule were still evident in 34 ± 10% of glomeruli ( Figures 5-7) . High-dose fms-I significantly reduced collagen IV deposition in the glomerulus, periglomerular and interstitial areas and abrogated periglomerular and interstitial accumulation of a-SMA þ myofibroblasts (Figures 6d and  7) . In addition, high-dose fms-I prevented significant tubulointerstitial injury as seen on PAS-stained sections ( Figure  5 ), and the reduction in tubular expression of vimentin and osteopontin, which are markers of tubular injury (Figure 6e and f). High-dose fms-I also prevented renal dysfunction (Figure 8a) .
Despite reducing glomerular macrophage accumulation by only 30%, low-dose fms-I significantly reduced glomerular damage and crescent formation (Figures 5 and 6 ). In addition, low-dose fms-I significantly reduced periglomerular a-SMA þ myofibroblast accumulation and the development of tubulointerstitial damage in terms of tubular vimentin and osteopontin expression (Figures 5 and 6 ). Furthermore, lowdose fms-I significantly improved renal function (Figure 8a ).
fms-I does not Modulate Proteinuria
Vehicle and untreated anti-GBM disease animals developed heavy proteinuria between days 1 and 5 which was associated with a significant reduction in the number of glomerular WT-1 þ podocytes (Figure 8b and c) . Neither high-nor lowdose fms-I prevented development of proteinuria ( Figure  8b ). fms-I treatment had a minor protective effect against podocyte loss at day 14 (but not at day 1 or 5), although both fms-I-treated groups still exhibited a substantial reduction in podocyte numbers compared with normal kidney (Figure 8c ).
fms-I Suppresses Renal Inflammation and Dendritic Cell Infiltration
RT-PCR analysis of isolated glomeruli on days 1 and 5 of vehicle-treated anti-GBM disease identified upregulation of mRNA levels of a number of pro-inflammatory molecules, which are closely associated with the M1-type macrophage response (TNF-a, NOS2, MMP-12, CCL2 and IL-12) (Figure  9a-e) . Increased mRNA levels of M2-type markers of alternatively activated macrophages (arginase-1, CD206 and CD163) were also evident (Figure 9f-h) . At day 14 of ant-GBM disease, analysis of whole kidney tissue showed ongoing high mRNA levels for the pro-inflammatory molecules (Figure 9i-l) . High-dose fms-I abrogated glomerular and interstitial macrophages at day 14 and this prevented the upregulation of mRNA levels for these pro-inflammatory molecules (Figure 9i-l) . At earlier time points (days 1 and 5) high-dose fms-I significantly reduced upregulation of mRNA levels for all of the M1-type markers (TNF-a, NOS2, MMP-12, CCL2 and IL-12), while there was a relative increase in expression of the M2-type markers arginase-1 and CD206 (but not CD163) when considering the reduction in total macrophage numbers with this treatment (Figure 9a-h) . Low-dose fms-I had no significant effect upon upregulation of mRNA levels of pro-inflammatory molecule at day 14 (Figure 9i-l) .
Untreated and vehicle-treated anti-GBM disease featured an acute glomerular T-cell infiltrate on day 1 which was again evident on day 14-at which time an interstitial T-cell infiltrate was also evident (Figure 2 ). High-dose fms-I did not affect the early glomerular T-cell infiltrate, but glomerular 
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the GBM (data not shown). Similarly, no group differences were found in the intensity of glomerular deposition of rat IgG or C3 (data not shown). Recent studies have implicated dendritic cells in promoting renal injury. 15 We examined dendritic cells in anti-GBM disease using CD11c and major MHC class II as markers. Normal rat kidney has dendritic-like MHC class II þ cells around Bowman's capsule and within the interstitium, with occasional positive cells in the glomerular tuft ( Figure 10 ). On day 1 of anti-GBM disease, a small glomerular infiltrate of MHC class II þ cells was apparent, and by day 14 many MHC class II þ cells were seen in glomeruli and crescents, and an increase in MHC class II þ cells was observed in the interstitium (Figure 10 ). CD11c is also expressed by a population of dendritic-like cells in normal rat kidney with a similar distribution to MHC class II þ cells, although fewer in number (Figure 10) . A substantial glomerular infiltrate of CD11c þ cells was seen on day 1 of anti-GBM disease, with many CD11c þ cells seen in the glomerulus and interstitium on day 14 ( Figure 10 ).
High-dose fms-I did not affect the glomerular infiltrate of MHC class II þ or CD11c þ cells on day 1 (Figure 10 ). However, there was a dramatic reduction in glomerular, periglomerular and interstitial MHC class II þ and CD11c þ cells by day 14 (Figure 10) .
DISCUSSION
This study has demonstrated that treatment with fms-I, a c-fms kinase inhibitor, can reverse glomerular macrophage infiltration and prevent the development of crescentic glomerulonephritis despite ongoing proteinuria.
High-dose fms-I had little impact upon the early monocyte recruitment into the glomerulus on day 1 of anti-GBM disease, but this treatment substantially reduced glomerular macrophages by day 5 and reversed this infiltrate by day 14. Since blood monocyte numbers were not affected by highdose fms-I in the first 24 h, we can conclude that M-CSF/cfms signaling is not involved in the initial recruitment of monocytes into the glomerulus following the deposition of anti-GBM antibodies despite M-CSF being a recognized monocyte chemotactic factor. 16 In addition, we can conclude that a sustained glomerular macrophage infiltrate requires M-CSF/c-fms signaling, which is likely to operate via at least two distinct mechanisms. First, M-CSF/c-fms signaling is required for blood monocyte production, and this was suppressed by high-dose fms-I after day 1 thereby preventing further glomerular monocyte recruitment. Second, glomerular macrophage turnover is very rapid in this model based on previous studies showing high levels of local macrophage proliferation within the kidney, 14 and the finding that adoptive transfer studies produce transient glomerular macrophage populations lasting only a few days in this model. 4, 17 High-dose fms-I treatment was shown to substantially suppress macrophage proliferation within the glomerulus. However, there was no detectable induction of glomerular cell apoptosis at day 5, the time at which macrophage numbers and proliferation were reduced by highdose fms-I treatment, suggesting that the macrophages were not dying in situ within the kidney. Therefore, the ability of low-dose fms-I to partially reduce the macrophage infiltrate in anti-GBM disease is largely due to inhibition of local macrophage proliferation within the kidney, while the more potent reversal of the glomerular macrophage infiltrate by high-dose fms-I is due to a combination of suppressing blood monocyte counts and inhibition of macrophage proliferation within the kidney. 
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These studies indicate that targeting c-fms kinase activity has therapeutic potential based upon the profound inhibition of renal damage and renal dysfunction seen with fms-I treatment in the anti-GBM disease model. fms-I had a selective effect upon monocyte/macrophages without depleting blood neutrophils-an important point for host c-fms blockade in anti-GBM GN Y Han et al defense-and a minor effect on lymphocyte numbers was only seen with high-dose fms-I. The reduction in blood monocyte and lymphocyte counts is consistent with that previously described in the c-fms gene knockout mouse, 18 and fms-I was well tolerated with animals showing no adverse effects. Furthermore, low-dose fms-I exhibited a significant protective effect on renal damage and dysfunction without affecting blood monocyte counts. fms-I treatment failed to prevent the induction and maintenance of heavy proteinuria. The small dose of anti-GBM serum used in the WKY rat model does not induce significant heterologous injury in the first 24 h, but proteinuria develops rapidly thereafter. Proteinuria in rat models of anti-GBM disease is macrophage dependent, 4, 5, 19 and the early glomerular macrophage infiltrate seen in the high-dose fms-I-treated group was likely sufficient to induce proteinuria. Indeed, there was a reduction in podocyte numbers on day 1 of disease preceding the development of proteinuria. However, reversal of the macrophage infiltrate did not reverse proteinuria which was a somewhat surprising result. This may be due to two different possible explanations. First, it may reflect an inability to replace lost podocytes or to recover from podocyte damage in this short timeframe. Second, it may be that proteinuria was partially alleviated by fms-I treatment but that this effect was masked by the substantially higher glomerular filtration rate seen in these animals compared with vehicle and no treatment groups.
Podocyte damage is a precursor to the development of glomerulosclerosis. 20 In fms-I-treated anti-GBM disease, podocyte damage was already evident on day 1 and further podocyte loss was seen on day 14. However, reversing the macrophage infiltrate prevented significant glomerulosclerosis despite podocyte damage in terms of podocyte loss and heavy proteinuria and glomerular tuft adhesions. While it is possible to argue that the protection from glomerulosclerosis with fms-I treatment is due to the partial reduction in podocyte loss, it appears more likely that the main reason for protection is due to suppression of the pro-inflammatory macrophage infiltrate. Similarly, podocyte bridges between the glomerular tuft and Bowman's capsule are considered a critical early event in crescent formation in anti-GBM disease. 21, 22 However, glomerular tuft adhesions to Bowman's capsule did not result in crescent formation in high-dose fms-I-treated rats. It has been argued that early cellular crescents in experimental anti-GBM disease are largely composed of proliferating epithelial cells and that macrophages only appear later in the process. 21, 22 However, this study clearly demonstrates that macrophages have a critical role in early crescent formation, fibrin deposition in Bowman's space and progression to a fibrocellular phase with Bowman's capsule rupture. This finding is consistent with a study of anti-GBM disease in transgenic mice in which removal of renal macrophages via diphtheria toxin-induced apoptosis significantly reduced crescent formation, glomerular damage and renal dysfunctions. 7 An M1-type pro-inflammatory phenotype of the infiltrating macrophages is required for macrophage-mediated renal injury in anti-GBM disease. 13, 23, 24 Real-time RT-PCR analysis of glomeruli on days 1 and 5 of anti-GBM disease indicated a pro-inflammatory, M1-like phenotype of the macrophage infiltrate, although expression of some M2-type markers of alternative macrophage activation was also evident. The progressive reduction in glomerular macrophages seen with high-dose fms-I treatment caused a profound reduction in expression of M1-type pro-inflammatory markers and a relative increase in the expression of some M2-type markers. Thus, while the reduction in the number of macrophages with an M1-like phenotype is likely to be a major mechanism by which fms-I treatment protected against disease progression, an augmentation of alternative activation of the remaining macrophages may have also contributed to this protective effect.
It is argued that proteinuria is an important factor in progressive tubulointerstitial damage. One way in which this may operate is by high levels of albumin in the glomerular filtrate inducing activation of tubular epithelial cells to produce chemokines, such as CCL2 (MCP-1) and osteopontin, that recruit interstitial macrophages which cause progressive tubular damage. 25 However, the upregulation of tubular chemokine expression could also be due to glomerular production of pro-inflammatory cytokines. 26 Indeed, it is difficult to separate these two possible mechanisms in vivo. However, in this study we found that high-dose fms-I treatment prevented upregulation of CCL2 and osteopontin expression despite the presence of proteinuria, suggesting that glomerular inflammation may be the dominant mechanism for this tubular response-at least within the short timeframe of these studies.
The role of dendritic cells in immunologic kidney disease has seen renewed interest. 15, [27] [28] [29] An important issue concerns the source of dendritic cells present at sites of inflammation; 30, 31 are they derived from a distinct myeloid precursor population, migratory 'conventional' dendritic cells or derived from monocytes? It is well established that blood monocytes can be differentiated into dendritic cells in vitro, but whether this is a major mechanism for dendritic cell production in vivo is controversial, 30, 31 particularly as the development of most dendritic cell populations is independent of M-CSF signaling. 32, 33 The identification of dendritic cells is a difficult matter as they share expression of many antigens with macrophages. 28, 34 MHC class II antigens are strongly expressed by all dendritic cells, but they can also be expressed by macrophages and other cell types. In contrast, CD11c is a relatively specific dendritic cell marker. 28, 34 Our study suggests that the renal dendritic cells seen on day 14 of anti-GBM disease, as identified by expression of MHC class II and CD11c, are dependent upon M-CSF/c-fms signaling and thus are most probably monocyte derived. This argument is supported by the presence of infiltrating glomerular CD11c þ cells on day 1 of disease. The finding that c-fms blockade in anti-GBM GN Y Han et al interstitial MHC class II þ and CD11c þ cells with a dendritic morphology were largely removed on day 14 of disease by fms-I treatment suggests that M-CSF/c-fms signaling is required for recruitment of these cells (presumably as blood monocytes which were depleted by high-dose fms-I) and for their survival/maintenance within the kidney. However, we cannot exclude the possibility that the dendritic cell population seen in anti-GBM disease derives through local differentiation of a separate blood leukocyte lineage and that the accumulation of these cells is dimished when renal injury is suppressed. These interesting observations may prompt further investigation of the role of M-CSF/c-fms signaling in dendritic cell recruitment and function in inflamed tissues. The protective effects of fms-I treatment in rat anti-GBM disease appear to be independent of the adaptive immune response. Low-dose fms-I provided significant protection without affecting blood lymphocyte counts, or the biphasic pattern of glomerular T-cell infiltration on days 1 and 14. High-dose fms-I caused a modest reduction in blood lymphocyte counts by day 14 of anti-GBM disease, but did not affect the early glomerular T-cell infiltrate on day 1. The reduction in glomerular T cells seen on day 14 with highdose fms-I may simply relate to reduced glomerular damage resulting in diminished production of T-cell chemokines. Neither dose of fms-I treatment affected glomerular deposition of rat IgG or C3 indicating no effect upon the humoral immune response.
In conclusion, this study has shown that blockade of c-fms kinase can reverse glomerular macrophage infiltration in rat anti-GBM disease revealing a critical role for macrophages in crescent formation and tubular cell activation independent of podocyte damage and proteinuria, respectively. Finally, this study has identified c-fms kinase inhibition as a potential therapeutic strategy in rapidly progressive crescentic glomerulonephritis. 
